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Preface 

Thc work described in this report was performed by the Mission Analysis 
Division of tiw Jet Propulsion Laboratory, under the cognizance of the 'wirier 
Venus 67 Project. 

This document consists of four sections, each describing a different aspect of 
the Jlarincr V flight path. Part I, Orbit Determination from DSIF Tracking Data, 
by G. Pease, discusses real-time orbit determination activities during the pre- 
midcxme mrneuver, cruise, and encounter phases of the mission. A description 
of thc tracking data system by H. Palmiter is included. 

Part 11, Nongravitational Forces, by R. Bourke, S. McReynolds, and K. Thuleen, 
analyzes the attitude contra1 telern,otry on Jlariner V to determine the dists~r- 
hance torques and nonconsenativc translational forces acting on the spacecraft 
during the flight. These act as a corrupting influence on the eight path 
determination, since only gravitational and solar radiation forces are calculated 
by the intight orbit determination and trajectory programs. 

Part 111, 3lission Trajectory, by J. Borras, describes the trajectory parameters 
of the flight and the near-Venus encounter geometry as it relates to occultation 
;lanes and viewing angles. 

Part IV, The \lidcourse Maneuver Program, by R. T. Mitchell, discusses the 
computatiol~al aspects of midcourse maneuver strategy. This program uses some 
of the results of Parts I and I11 in computing the parameters of a correction 
to the flight path. 
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Abstract 

This report contains the results of the Mariner ;' inflight oribt determination, 
trajectory evaluation, midcourse maneuver analysis, and the nongravitational 
force evaluatio- During the orbit determination procedure, many physical 
ccmstmts of scientific interest were measured. The inflight val~les obtained for 
many of these constants, silch as the mass of Venus, the astronomical unit, 
the earth-moon mass ratio, and the geodetic lwations of the Deep Space Network 
tracking stations are listed. 

The principal concern in flight operations was the prediction of the near- 
Venus trajectory quantities. This problcm is discussed in its various aspects 
in each of the parts of this report. Nominal, predicted, and achieved aiming 
points are presented along with the relevant parameters pertaining to each 
case; these include desirable and excluded aiming zones, the effect of a mid- 
course maneuver, the effect of altitude control jets, and the least-squares solu- 
tion fcr orbital parameters from radio tracking data. 
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The Mariner V Flight Path and its Determination 
from Tracking Data 

Part I. Orbit Determination from DSlF Tracking Data 

G. Pease 

1. Introduction 

Part I describes the real-time orbit determination 
activity during the Marher  V mission. The results are 
far from definitive, as they do not include the post- 
mission processing. The postprocessing results fall in 
the area of celestial mechanics investigation and are to 
be found in the appropriate journals, such as the Asfro- 
nomical Journal. 

For the sake of convenience, the mission has been 
separated into three distinct phases in this section: 
premidcourse, cruise, and encounter. The first of these, 
the premidcourse maneuver phase, is examined in Part I, 
Section 11; it describes the orbit analysis during the 5-day 
interval from launch to midcourse manem-er. These 
results define how the entire trajectory would have 
appeared had there been no midcourse maneuver, such 
information being necessary to the planning of the maneu- 

> 
k; 
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ver. The manner in which orbit determination was used 
to measure the a posteriori maneuver execution errors 
in thrust magnitude and pointing direction is also des- 
cribed. 

The cruise phase least squares crbit solutions for 
physicaI constants are given in Part I, Section 111-B. 
These constants include the coefficient of spacecraft solar 
reflectivity, tracking station locations, and the lunar gra- 
vitational constant. Part I, Section 111-C, discusses the 
cruise orbit solutions numerically integrated to Venus 
encounter. The target plots show the cruise orbit deter- 
mination dispersion mapped to Venus. 

The encounter phase physical constant solutions and 
aiming point estimates are described in Part I, Section 
IV-A. These results are based on radio tracking data 
collected after five days prior to clahest approach to 
Venus and up to five days after closest approach. 



II. Early Missiort Performance and Results 

A. Tracking Data Coverage 

I .  Description. During the nonpowered transfer flight 
period I)et\vecn 0629 C>.lT, June 14, and 2307 CMT 
June 19, near-continuous tracking coverage was obtained 
by DSS ll(Coldstone Pioneer), .il(Woomrra), 4S(Can- 
I~erra), 51(Johannesburg), and Gl(X1adrid). As shown in 
Table 1, DSS 41 and 51 piirticipated only briefly in the 
early phase of this priod. The data types used in 
dctennining the orbit of the spacecraft (Ref. I)  are as 
fol!o\vs: 

(1) Hour angle and declination (HA, DEC? this data 
type is the pointing angle of the tracking antenna 
exprnssed in degrees; it is only used in the ver). 
early orbits. 

(2) S-band phase, coherent counted doppler (CC3) 
this is a measure of the topocentric radial velocity 
of the spacecraft, and is the prinie orbit diita type. 
Units: 1 m/s =15.3 Hz (Fig. 1). 

after injection into transfer orbit. The angles from DSS 51 
were biased until this time at which it was discovered 
tnrB antenna had been tracking on a side lobe. Orbit 
PROR SA is cwrupted by these biased angles. The 
DSS 4LanglCs in orbits PROR YA and ZCEV XA, two 
early real-time orbits, are effectively biased, due to an 
incorrect station latitude ussd in the computations pC 
these orbits. 

3. Compre~ed data. In Table 1, the number of doppler 
pints are either tagged by a U or C. The U indicates 
the data were counted o\cr a period of 10 or 60 s. The 
later orbits in Table 1 are identical with a pass number 
listed under data type and always refer to phase-coherent 
two-way doppler (CC:3) data. The first hvo digits indi- 
cate :he sample time of the data, in scconds; thc last 
three digits identify the pass number from that station. 
If the number of points is tagged by a C, this means 
the data has been compressed, or averaged, over 600-s 
intervals. This smoothing process is reflected in improved 
statistics for individual poilits. 

2. Sumntaries. The tracking data available in the pre- 4. Controlled roil data. The spacecraft was in a con- 
manelii-er orbits are shown in Table 1. Angle data were trolled roll mode unti; approximately 22Xl GMT, June 
obtained until 07hW57 GXIT, approximately 40 min 14. Since the antenna was offset from the CG at the 
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z 23.4 Wz 
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FREOUENCY ;: MHz 
COMMAND vc 

MOWLATION COCNTED 
3-WAY 
DOPPLER 

Fig. 1. S-band two-way configuration 
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spacecraft, a sine curve resulted in the observed --corn- 01001 - - -  - 

puted doppler residuals with an ampiitude of about 0.02 DSS ': RESIDUALS I &SS NUMBER 60/001 
Hz; this may be seen in the DSS 11 residual curve of 
Fig. 2. In referring to Table 1, it must h remcmlxred 
that statistics on this portion of the doppler tracking 
data were com~pted by this effect. o 

control of the station clock. For this missior~, \~v#.ever, TIME, man 
DSS 11 utilized a special device for incrementkrg :he FROM 1 8 ~ 5 4  GMT ON JUNE 14, 1967. I'TERATION 2 

sample time to the exact time of zeta ;base delay (-+ 1 ns 
between transmitter and receiver. This ha. tl: 2 a Ivantage Fig. 2. DSS 11 tesiduals, pass 60/001 

5. Time resoltier doppler. Yormally, doppler cycles are 
or00 

Table 1. DSlF premaneuver bacring data for Mariner Venus 57 orbit computatic n.; 

1 ' - 

PRO) XA 
PRO1 XA 
mvxA 
KW XA 
K N  XA 
K W  XA 
K W  XA 
KEV XA 
ICEV XA 
KEV YA 
KLV YA 
ICLV YA 
ICEV YA 
ICEV XB 
K W  XB 
PROR YA 
PROR YA 
PRO) YA 
PROR YA 
PROR YA 
PRO8 YA 
PROR YA 
MDPR YA 
MDPR YA 
PEL YA 
PREL YA 
PREL YB 
PEL YB 
PRR YB 
DACO YA 
DACO YA 
GLCR YA 

counted to the neare:t cycle at a fixed sample mi-. r~nder o X) 60 90 IK) 150 mo 

y n  d.k. E d  &:u, NO. d 
do(. /lurks d.k h n h a  points 

Hx fu c a  

0.051S 0.00852 0.0678 
0.0328 0.1 61 -0.1 57 
0.247 - 0.594 
0.303 0.81 1 0.752 
0.0071 9 0.0672 0.0669 
C 3405 0.203 -0.1 99 
0.310 0.317 0.0671 

No aramary printed 
O.rO659 0.00696 ; 0.00223 
0.00459 0-00464 0.0007 
0.1 03 0.1 07 -0.0296 
0.0125 0.0131 0.00387 
0.0303 0.0308 -0.00564 
0.0554 0.206 0.1 98 
0.1 56 0.331 - 0.291 
0.0242 0.453 -0.452 
0.109 0.61 2 0.602 
0.280 0.179 0.1 77 
0.517 0.367 -0.364 
0.290 0.291 0.1 42 
0.00726 0.00727 0.00051 4 
0.0574 0.0574 -0.000437 
0.00680 0.0136 0.0001 85 
0.~562 0.0567 -0.00708 
0.01 33 0.01 33 0.000346 
5.0315 0.0325 -0.001 35 
0.01 61 0.0i 62 0.001 64 
0.0297 0.0297 -0.001 23 
0.01 63 0.01 63 0.000934 
0.0131 0.0131 -0.000 

B i a d  DSS 51 
angles 

Incorredly computed 
DSS 42 angles 

Incorrectly ampc?ed 
DSS 42 angles 

*Tho orb* dotomination dwigmtions arm v h d  or foIloWa~ UOI. prdict orbit; ICEV. initial condition oduation orbit; MDPR. Madrid prdictl orbit; WEL. pr* 
liminary -1,otion orbit; GLPR. GoldsW omdicta orLit; DACO. data consislm~ orbit; NOMA. nominal momurn orbit; LAMC. last noruvvu colculotion orbit; LAP& 
Imt prwnanouver wbit; rCln. port monwvu orbit. 
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Table 1 lcontd) 

Drblt i&n, 

tincation' 

GLPR YA 
GLPR YA 
NOMA 5 
NOMA 5 
NOMA 5 
NOMA 5 
MOMA 5 
NOMA 5 
NOMA 5 
NOMA 5 
NOHA 5 
NOMA 5 
NOMA 5 
NOMA 5 
NOMA 5 
NOMA 5 
NCMA 5 
NOMA 6 
NOMA 6 
NOMA t 
NOMA 6 
NOMA 6 
NOMA 6 
NOMA 6 
NOMA 6 
NOM4 6 
NOMA 6 
NOMA 6 
NOMA 6 
NOMA 6 
NOMA 6 
NOMA 7 
NOMA 7 
NOMA 7 
NOMA 7 
NOMA 7 
NOMA 7 
NOMA 7 
NOMA 7 
NOMA 7 

DYF 
station 

- 
5 1 
61 
1 1  
1 1  
1 1  
1 1  

42 
42 
42 
51 
5 1 
51 
61 
61 
61 
61 
i 1 
1 1  
1 1  
1 1  
1 1  
1 1  
4 2 
42 
42 
42 
6! 
6 1 
61 
6 1 
1 1  
1 1  
1 1  
1 1  
1 1  
42 
42 
42 
42 
42 

End h. 
dr). / h:mln:n 

611 4 18:25:32 
611 4 l7:O9:32 
611 5 01:53:02 
6/15 2137.02 
6/17 01:21:32 
6/17 21 :29:32 
611 4 09:29:32 
6/15 11:1382 
6/16 11:1182 
6/17 11:12.02 
611 4 07:04:22 
6/14 O7:18:ll 
611 4 i a:2c:32 
611 4 l7:O9:32 
611 5 l9:22:32 
6/17 12:03:32 
6/17 183482 
6/15 016382 
611 5 21:42:28 
611 5 21 :44:02 
6/17 01:21:32 
611 8 02:08:32 
6/18 198432 
6/15 11:13:02 
611 6 1 1 :11:02 
611 7 1 1 :12:02 
6/18 11:12:32 
611 5 l'?:22:32 
6/17 12:03:32 
6/l 7 18:34:02 
611 8 l8:36:32 
6/15 01:53.02 
611 5 2 1 :37:O2 
6/17 01:21:32 
611 8 02:07:02 
611 8 l9:O3:O2 
611 4 09:29:32 
611 5 1 1:13:02 
611 6 1 J :11:02 
611 7 1 1 :12:02 
611 3 1 1:08:02 

No. of 
points 

379 U 
149 U 

I68 U, l 9  C 
13 C 
51 C 

5 C, 87 U 
48 U 
57 C 
61 C 
26 C 

1 U 
6 U 

273 U 
149 U 
58 C 
47 C 
25 C 
19 C 
14 C 
2 U 

51 C 
14C.271 U 

14 J 
57 C 
61 C 
26 C 

443 U 
58 C 
47 C 
42 C 

193 U 
laEU.19C 

13 C 
51 C 
44 C 

2 C 
48 il 
57 C 
61 C 
26 C 
53 C 

Standard 
kvidnn, 
mlh: d.0 
tor UA 

and DK;  
Ix for CC3 

lms, uoin: 

kp tor HA 
and O K ;  
nx for CC3 

Mean 

-, 
unit% dop 

for HA 

and DK;  
HI for cc3 

All data 

Post roll 

All da!a 
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Table 1 Icontd) 

Orbit iden- 
tification' 

OACO YB 
DACO YB 
DACO YB 
DACO YB 
NQMA 1 
NOMA 1 
NOMA 1 

NOMA 1 
NOMA 2 
NOMA 2 
NOMA 2 
NOMA 2 
NOMA 2 
NOMA 2 
NOdA 2 
NOMA 2 
NOMA 3 
NOMA 3 
NOMA 3 
NOMA 3 
NOhlA 3 
NOMA 3 
NOMA 3 
NOMA 3 
NOMA 3 
NOMA 3 
NOMA 3 
NOMA 3 
NOMA 4 
NOMA 4 
NOMA 4 

NOMA 4 

NOMA 4 

NOMA 4 

NOMA 4 

NOMA 4 

NOMA 4 

NOMA 4 

&gin doh. 
Mate / h:min:s 

No. of 
points 

-- 
Standard 
kv~ation. 
mitt: deg 

for HA 
and D K ;  
Ix for C U  

Lms, units: 
ieg for HA 
and DEC; 

Hx for CC3 

-- 
0.0244 
0.01 54 
0.0465 
0.01 94 
0.0204 
0.00979 
0.0470 
0.01 18 
0.021 6 
0.021 0 
0.0273 
0.0230 
0.0205 
0.0229 
0.02 1 0 
0.0244 
0.0 1 57 
0.00285 
0.0081 6 
0.01 38 
0.90232 
0.30445 
0.037 1 
0.0075: 
0.01 58 
0.01 61 
0.00551 
0.00495 
0.00905 
0.00200 
0.00239 
0.00526 
0.00278 
0.00342 
0.00483 
0.00537 
0.0051 0 
0.0075 1 

-- 

Mean 
error, 

units: deg 
for HA 

and DEC; 
Hx for CC3 

Estimated station 
locations salar 
presswe and AU 

Post roll 

All data 

Pcst roll 
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Table 1 Icontd) 

DSlF 
station 

NOMA 7 
N3MA 7 
hOMA 7 
NOMA 7 
NOMA 7 
NOMA 7 
UMC I 
UMC i 
LAMC 1 
LAMC 1 
LAMC 1 
UMC 1 
LAMC 1 
LAMC 1 
LAMC 1 
UMC 1 
UMC 1 
UMC 1 
UMC 1 
LAPM 
lAPM 
LAPM 
UPM 
LAPM 
LAPM 
1 APM 
LAPM 
UPM 
UPM 
LIPM 
LAPM 
lAPM 
UPM 
UPM 
LAPM 
UPM 

End data, 
doh / h:min:s 

No. of 
points 

Handad 
&viation, 
unlh: d.0 

for HA 
and DK; 

HI fw CC3 

0.000 
0.00826 
0.31 58 
0.01 57 
0.00570 
0.00493 
0.00206 
C.00300 
0.00403 
0.001 61 
0.00248 
0.001 67 
0.30347 
0.00283 
0.00347 
0.00272 
0.00239 
0.00529 
0.00493 
0.00225 
0.00287 
0.00789 
0.001 64 
0.00258 
0.001 62 
C.00292 
0.00396 
0.00277 
0.00331 
0.00261 
0.30269 
0.00463 
0.00346 
0.00389 
0.00403 
0.0021 6 
0.0021 4 
0.00839 

lms, unih: 
k g  br HA 
and DEC; 

n1 t w  cc3 

unih: dog Remorlcs 

and O K ;  
HI for CC3 I 

Post roll 

Indudes rome roll 
da:o from DSS 11 

JPL TECHNICAL REPORT 32- 1363 



of eliminating counter truncation error. It is shown in 
Table 1, for example, that with this system, DSS 11 
dopplrr cycles reached a standard deviation of 0.002.34 
Hz for G doppler points lasting 600 s and ?:I3 doppler 
points lasting 60 s in pass 3 of orbit NOAIA 4. This 
compares favorably with pass 4 of DSS 42 doppler cycles 
in the same orbit, for which the standard deviation \vas 
0.00160 Hz for 222 sample doppler points lasting 60 s. 
Only DSS 11 used a time resolver device in the pre- 
maneuver phase of the mission. 

6. Premaneuver Orbit Dc :emination Results 

I .  Orbit state cector. The J Y L  Single Precision Orbit 
Detemlination Program (SPODP) (Ref. 2) utilizes a 
weighted least squares technique for estimating up to 
20 parameters and forming up to a 20 by 20 covariance 
matrix. The first 12 premmeuver orbits, through 1938 
GSIT, June 15, estimated only the geocentric equatorial 
position and velocity of the probe, with a corresponding 
6 by 6 covariance matrix. Of these early orbits, PROR 
XA, PROR YA, and lCEV XA were degraded by biased 
angles, as previously mentioned. Table 2 shows the state 
vector solutions and associated standard deviations from 
the premaneuver orbits. Note that two epochs were used 
for starting the trajectory integration. Orbits using s\n 
epoch of 06h W137?100 include data during the con- 
trolled roll period, whereas orbits with an epoch of 
22h00n10i)r000 did not include this data in the least 
squares fit. 

2. Target point. The SPODF has the capability of map- 
ping the covariance matrix from epoch to the target 
planet at the time of closest approach. These target 
parameters are expressed Jn the B plane system (see 
Appendix A). Target parameters and statistics are tabu- 
lated for each orbit in Table 3. The parameter t is the 
time of flight linearized along the incoming asymptote 
of the planet-centered flight hyperbola (Ref. 1) The 
semiminor axis is SMIA and ShIAA is the semimajor axis 
of the lo dispersion ellipse of the orbit determination 
uncertainty in the B plane. The angle e gives the orienta- 
tion of the SMAA, measured counterclockwise from T. 
The vector S lies along the incoming asymptote and is 
normal to the R-T plane. The target points of each orbit, 
except for PROR XA, and PROR YA, are plotted in 
the R-T plane in Figs. 3 and 4. 

3. SoLr radiation pressure. The perturbative space- 
craft acceleration resulting from solar radiation pressure 

is modeled by: 

where 

R is the probe-sun distance, in km 

k 1.031 X los, a solar radiation constant 

A is the spacecraft effective area normal to R, 
nominally 6.60519 m2 

m is the spacecraft mass, nominally 245.71 kg 

ytl is the reflectivity coefficient of the spacecraft, 
nominally 0.4012303 

The premaneuver and postmaneuver soIutions for ys 
are compared in Table 4. It is apparent that the span of 
tracking data available in the premaneuver solution is 
not adequate for a strong solution, as the standard devi- 
ation has not significantly improved over the a priori 
standard deviation assigned to the nominal value. By 
contrast, the postmaneuver solution contains nearly a 
month's tracking data, including ranging data. Moreover, 
the ranging data are particularly effective in this type of 
solution. 

4. Station locations. The SPODP is capable of esti- 
mating tracking station locations to a high degree of 
precision where sufficient doppler tracking data have 
been obtained. In the premaneuver phase of the mission, 
solutions were obtained for the locations of DSS 11, 42, 
and 61. The stations are tabulated and compared with 
nominal values and postmaneuver solutions in Table 4. 
The geocentric radius of the station is r, 4 is :he geocen- 
tric latitude, and n is the longitude. The systematic 
difference< iii longitude of about 0.0003 deg between the 
prcilianeuver and postmaneuver solutions are probably 
caused by the two orbits being gravitationally tied to 
earth and the sun, where neither body is a strong lon- 
gitude source. An insignificant error at target is produced, 
however. The cause of the systematic differences in r 
cos 4, the distance from earth's spin axis, is unknown; 
however, these differences are also ve-y small (1.3 to 
8.8 m). 

5. Mass of earth solution. TILL iive days of premid- 
course tracking data provided the opportunity for obtain- 
ing a ieast squares estimate of the gravitational mass of 
earth (Ch.lg). This was done for Mariner V, yielding a 
value of GMe = 398601.49 k0 .4  km3/s2. This compares 
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Table 4. Pre1imina.y Mariner Venus 67 solutionsa 
-- 

Parameter 

-- - - - - - 

Eslimoted premidcourse, u 

0.40864007 f0.0288 

5206331.4 f 6.3 

243.15101 f0.00015 

5205353.5 f 6.0 

148.98174 f 0.00015 

4862606.4 f 6.0 

355.751 46 f 0.0001 5 

- 1 194554.1 f4.8 
986076.85 f 5.28 

-31 9684.35 f 12.06 

- 2280.1 899 f 0.0065 
1849.3605 f0.0067 

-574.33642 +0.01668 

-- - -- 

Nominal posfmidcoune, u 

- 

Estimated pontmidcoune, o >brewed poslmidcoune 
and premidcoume, a 

*For solar radiotion pmsure, stotion lacotions, and geocentric equatorial state vector ot 23%8m2@650. June 19. 1967. 

bEstirnated positions were abtoined i;.dependently from the other tabulated rnulh.  The midcourse position rnults u u  the standard deviations or o priori uncwtainlin. 

This is not true in the case of the other parameters because of the corrupting influence ! the maneuver. 

0 ICEV XA 

I C E V  YA 

'J I C E V  XB 

0 MDPRYA 

0 PREL YA 

PREL YB 

DACO YA 

GLPR YA 

DACO YB 

NOMA I 
NOMA II 
NOMA m 
NOMA m 

Fig. 3. 8-plane target area from premidcourse orbit determination 
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PREL YB 
DACO YA 

GLPR YA 

DACO YB 
NOMA I 
NOMA D 
NOMA m 
NOMA lF 
NUMA P 
NOMA lZl 
NOMA YU 
LAMC I 
LAPM 

Fig. 4. Detailed view of premidcourse orbit determination target area 
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I0 Coo: 
j 3% ! I  QES13JI~F. 

WSS NUMBER NONE 
i 

Fig. 5. Gravitational mass of earth estimates from 
lunar and planetary spacecraft 

favombly with the Rnngcr. Surccyor. Lrmar Orbiter. and 
Marii~cr 11- cstiniati~s. show-n in Fig. 5. The ctan.'ard 
deviations overlan in the vxious missions. 

C. Analysis of the Marher V Midcourse Maneuver 
from Radio Tracking Data 

The .\lurit~er 1' sps~cecraft was injected into its earth- 
\'cnus triijcctory at fi"24:"19:2 UT. June 14. 1967. The 
nominal aiming point \\.as to hring thc spar~cra;'t 8.165 
knl from the ci3nter of i'cnus on Octolm 19, 1967; how- 
ever. at injection. tl-is aiming point was deliberately 
bhsed cut to 73.000 km from Venus center to avoid 
impacting the planet. Hencc. a midcoursr mawuver was 
planncd at the outset to achieve the n~mina! aiming 
point. The spacc~raft actually has the capability for two 
manel; : but the second maneuver capa1)ility was 
consiciord to be in thc catc-gon of li backup procedure-; 
i.e.. to 1~ u v d  on1\- in cslsiB priman. mission objectives 
were .lot ~whievcd by the* first maneuver. The second 
nlaneuver capahlity was not. in fact. cxercised during 
the Jlaritwr mission. 

Subsequent d ) i t  dctermn.ttion aftcr injection shon-ed 
that the sp;lcc.cr:~ft would %y lust with~ti 76.000 km of 
Venus center in the c d ~ s ~ w r  of a maneuver. ..\ccordingly. 
a  ours^ r n a ~ \ ~ ~ n . c r  was planned and executed at 
.'3%S.-06' UT. June 19. 1967. The motor hum \\-as planned 
to h i  17.56 s sand to irnpart an additional velocity of 
16.1272 m/s to the sp;lccxmft. This was to have put the 
spacecraft within S.:W km \ f  h l u s  center at ciosest 
approach on 0ctol)er 19. Tdemctn and tncking data 
proved the duration of thc motor bum to have been af 
approsimately nominal duration (see Fig. 6) and the 

020003 L 
0 0 C 0 I I I 

TIME. mat- 

FROM 23"OBm GMT ON JWE 19. 1967 (INTERATION 1) 

Fig. 6. Two-way doppler residuals during 
Mariner V midcourse maneuver 

directiou of the impulse to ;lave been within ' 2"  of 
the nominal pointing angle. Yet. orbit determination 
soon indicated that the proh h-vould fly by Venus at a 
closest approach distance of not less than 10,000 km from 
the planet center. and that the velocity imparted to the 
spacecraft by the motor burn was 15.4123 ?:j0.0163 m/s 
rather than the planned 16.1272 =0.1:3 m/s. Because 
pimar\- mission ohjcctives were nat jeopardized by the 
new arrival point, no second maneuver was required. 
The follc\ving analysis shows how orbit deterwination 
can be uscd to snal!.ze the magnitud: and direction of 
the midcourse maneuver. 

D. Comparison of Premaneuver and Postmaneuver 
Velocities at Midcourse Epoch 

The orbit determination procedure used involves a 
weighted least squares fit of approximately 1,200 points 
of 600-s count-interval two-way coherent dcppler tnck- 
ing data ia thy 5 days from injection to midcourse 
maneuver. In the %day period from midcourse to 
July 17, approximately 2,000 points of 600-s doppler data 
and 900 points of ranging data were included in the 
least squares fit. Table 4 show the premidcourse I~.ist 
squares solution for the spacecraft velocity a t  
2:3"08"'"W UT, June 19, if no maneuver had been 
performed. Actually, this time occurs, during the motor 
burn interval; however, only premidcourse tracking data 
were used in the solution This solution is labeled E.sti- 
mclted premidcourse in Table 1. The Nominal postmid- 
course) column indicates the velocity which would have 
been achieved at thk time had a nominal maneuver 
been executed before. The Estimated postmidcourse 
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co!umn tabulates the least squares solutio~ for velocity 
based on postmidcourse tracking data to July 17 (SPODP 
cruise run 15). This is considered an dequare data arc 
for the solution; a longer arc allows the corrupting effect 
of small forces in the orbit fit. 

It is now possible to compare the nominal maneuver 
with that actually achieved. Table 5 compares the 
vclocity components and magnitudes of the nominal and 
achieved maneuvers. 

Table 5. Comparison of nominal and achieved maneu- 
ver velocity increments for Mariner V at 23b03m201650 
UT, June 19,1967 

V o l ~  
Nodnola ,aostmidcoune Achioved postmidcour;~ 

ond promidcoune, a end pmmidcoutso. r I 

1 * B a d  on . x l i r  wmidcouru orbit than lobulotd in Tobl. 1. 1 

where 

V = maneuver velocity 

i, j, k = unit vectors of premaneuver pitch, yaw, 
and roll axes 

t = orientation of maneuver thrust axis to 
roll axis = 88.5 deg 

y L- orientation of projection of maneuver 
thrust axis on pitch-yaw plane from pitch 
axis = 45 Ceg 

The pitch and mll uncertainties were obtained from 
a computer program which makes use of the 3 X 3 
velocity covariance matrix of AX, ~ y ,  and a;. The unit 
\wtors used in the above calculations assume the attitude 
control error to be zero. Table 6 shows the corrections 
indicated by limit cycle telemetry and the commanded 
values of the turns. 

Thus, amrs of about 0.3 deg were made in execution 
of the turns; however, the actual errors must include the 
effects of attitude control displacement. It is readily seen 
that the execution and displacement errors partially 
cancel. An additional limitation on the system is imwsed 

It appears, therefore, that an error of 0.715 k0.016 m/s by the command pulse system used to fire the gas jets. 

was committed in the magnitude of the maneuver velocity This system limits the time duration of gas jet firing to 
an integral number of seconds. Thus, the commanded increment. If no pointing error ww made, this would 
turns differ from the nominal turns. Table 7 shows the nearly account for the achieved closest approach distance 

of 10,151 km, compared to the nominal value of 8,165 km nominal turns and the total achieved minus nominal 
pointing error, including attitude control contribution. from Venus center. Furthermore, the pointing error of , This result is directly measured to a high degree of the maneuver thrust axis is easily calculated. The pitch 
accuracy by orbit determinaticn. and roll turns may be calculated as follows: 

. . If subscri~ts denote achieved and r:ominal velocities - cost 
and if $ is the total angle of the achi~vcd thrust axis 

pitch = (2) O S  ( 1- (V; - ir) from the niminal thrust axis, then 

= 55.453 t0.062 deg, 

roll turn = -7 - arccos - (2;:) 
= 70.660 20.004 deg, 

= 0.00706;2989 

$ = 0.405 deg 

Table 6. Execution errors 

I Roll I +0.028 20.01 4 I 90.632 +0.015 1 70.946 1 -0.314 &o.015 i 
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- -~ 

Turn 

Pitch 

C o m d d  )urns, ochiw.d, dog 

55.1 20 20.065 

-~ - 

hmoneunr  telemetry comctions, 
oiti)u& control limit cyd. 

information, dog 

+0.333 *0.020 

commanded 
turns, dog 

55.267 

Achirrd-tommondd turns, dog 



Table 7. Summary d measured pointing error 

I Iurn l I I Commondod r lotol arhiwod minus nominel 
Nominol turn, s A.hiovod turn, drp 

turn dumtion, s pointing enor, dog 

This pointing error can contribute only about 300 km 
in closest approach dis'nnce. The remaining 170dkm 
err& is entirely due to the magnitude of the velocity 
error of 0.715 k0.016 m/s. 

Pitch 

3011 

Ill. Cruise Orbit Determination Results 

A. Tracking Dota Types 

I. Ranging data. In addition to angular and doppler 
data described in Section I, two types oi ranging mea- 
surement were performed during cruise. These were per- 
formed with the Mark IA system at the DSS sites shown 
in Table 5 and with the planetary ranging system at 
DSS 14 (Goldstone-Man). Mark IA range units (RU) are 
defined as follows: 

304.46 

380.43 

p ~ , ~  = [I5 (z: ') gSf, mod '785762208 I 
where 

55.453 50.062 

70.660 20.004 

PDsrF = measured round-trip interval, in RU 

at = round trip light time, in UTC s 

Table 8. Mark IA ranging data obtained during 

304.0 

380.0 

Moriner V mission 

0.103 20.062 

('365 20.004 

Cobreros 

Goldstona. 
Pioneor 

Tidbinbilla 

Waomoro 

Goldstono- 
Echo 

Robledo 

Start 
monlh, 

day, 1967 

JU~Y 6 

June 20 

June 24 

June 21 

Juno 30 

June 20 

Stop 
month, 

doy, 1967 

July 6 

June 29 

July 6 

June 22 

July 2 

June 29 

No. of 
points. sompliq 

intenel60 s 

f, = transmitter reference frequency 21 
22 MHz 

r = time delay in seconds from station 
equipment, spacecraft transponder, 
and intervening space plasma- 
ionospheric medium 

785762208 RU = code lengrh of system 

The Mark IA ranging system is limited to an effective 
one-way range of about 5.8 X 1W km, attained July 6, 
1967 (see Table 81. 

Table 9. Planetary range units (PRU) 
residuals (standard deviation) 

Day D.k v 0,b)  ~ ( m )  0rlr 
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The Mark 11 (planetary) ranging system at LSS 14 
(Coldstone-Mars) measures the round trip delay directly 
in nanoseconds. The code length of the tquiprnent is 
1.00947/1.~2 s. hence 

PPI..Ct.I, = [lo9 ( ~ t  + Q)] mod 
1.00947 X 10' 

1 . m 2  

With the use of the Mark I1 equipment and the 210-ft 
antenna kt the Mars site, Mark I1 ranging measurements 
may be made to planetary distznces, as the name of 
the data type implies. During the Mariner V mission, 
approximately 7000 points of 60-s sampled planetary 
ranging were obtained between JuIy 21 and November 
20.1967. 

2. Tracking data statistics. Table 9, shows the manner 
in which ranging data noise increases as a function of 
r a g e  when processed by the SPODP. Statistics are given 
for individual passes of tracking data on thc days shown, 
where p is the one-way spacecraft range in meters, and 

standard deviztions on PRU and RU have been converted 
to up. The last column shows that %place accuracy is 
retained in the computations. which is all that may be 
expected of a single prmision program with a floating- 
poi:lt word length of 27 binary bits. 

Doppler residuals do not display large numerical 
truncation and round-off as a function ot range, but are, 
nevertheless, limited by single precision and by the 
stability of the reference frequeircy standard over the 
light-time interval. Table 10 shows a sample of cruise 
doppler residual statistics reduced by the SPODP. These 
data have been averaged over 10-min intervals to reduce 
the total number of points to a manageable level. The 
statistics reflect the precision of the least squares fit over 
a long arc (3 months). T?.ble 10 also gives combined 
ranging statistics through july 28, 1967. The degradation 
from fitting a long arc is more apparent here than in 
the individual pass statistics in Tabie 9. This, oi course, 
means that individual passes are biased differently, partly 
from single precision truncation and partly from the 
nature of the least squares fitting process. 

Table 10. CC3 residuals by station (cruise data, T, = 600 $1 

42 298 

285 
62 

TOTAL w 
968 
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0. Cruise Solutions for Physical Constants 

1. Solar radiation pressure. During crnisc, (~onti~iuous 
Irast sqrl;irrs c.stimates u w r  lnatlr of y,,. thc. solar r d i -  
ution prcssurc. cdficicnt dcfinctl in Section 1. Earl!. 
hlission I'crforninncc and Rcsolts. Thr timr history of 
these solutiolis is sho\vn in Fig. 7. The solutions ;ire 

eonsccutivrly identified 1)y orbit number. There appears 
to I)c il distinct trend towards lowcr pressure with in- 
creasing time. The physical interpretation of this phrlrom- 
elmi could be that an actual degradation of the total 
reflwtance of the spacecraft took place during cruisc. 
For instance, temperature monitoring of thr bus indicatcbc 
that the absorptance of the bus radiation shic+l niay 
hnve increased by 30 percent through C ' V  darkening.* 

'L. Dumas, Jet Propulsion Lahoratorv. 1~-rjo11.11 coolmnnication. 

This \\.orlld cause a c:orrcy~ontling dccrcsscb in rc.flc,cti\.it\. 
of thr sliic4d \vhich codd wcount for u drcrcnsi* in -,It 

of up to 0.007. Thiw is, in ;~dtlition. thi, possi1)ility of 
d(.crc;isc. in spc~culiirity o f  t l ~ u  shicM which I,. l)rlrn;ls' 
ha!; c.stimntcd could enus(. ;I tlccrc.asc ill 71, of ;IS ~nucli 
as 0.098. AS SWII in Fig. 7. L1lc. ol)scrvcd cll;l~~gi. in 71,  is 
on  the order of 0.06 \\.hiell :. .warly twici. ;IS r;ruch ;is 
the. ~n;lximum rolnl)inc.el cffcct of tlir i~bovc i~xpl;~natio~ls. 
Silrcc. tlic stnndiird drvi;ltions on the, orhit solutioris for 
yH arcL tyl>i~i\jl\. ICSS tlian 0.01. it seems likely that the 
effect is r e d  TIic t~sc of rrlnging dnt;i, in pxticular. adds 
great strcngth to thr cruise solutio~is. The lmsil)ilitg 
rcmuins, ho\vr\.er. that thc, ol)sc.rvc~d effvct is at least 
partially due to a small force otlirr than solar radiation 
prcssurc. This could result from a systematic decouplir~g 
of thr attitude control gas jrt torques Lvhich could. in 

YE M A k u v E R  R E A N c E  I NUMBERS I SHOWN ON PLOT I ARE 1 

ORBIT NUMBERS 

" \ 
\ 

19 

18 
0 

\ 0 

022 (EPOCH: E 

\ 
\ 
\ 
\ 

-30 days) 

-MIDCOURSE MANEUVER 
I j (6/19/67) 

(EPOCH:€ \ 
ENCOUNTER -'O days' \ 

1 
\ 

TIME AFTER LAUNCH (6/14/67), days 

Fig. 7 Mariner V cruise solutions for solar pressure coefficient y~ by orbit number 
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243 1514 
~ .--- ~ 

I DAYS AFTER MIDCOURSE 

Fig. 15. Geocentric longitude, DSS 11 

243 1944; 

Fig. 16. Geocentric longitude, DSS 12 

241.1104 I 
Fig. lr. Geocentric longitude, DSS 14 

The Moriner cruise longitude solutions reduced to the 
pole of 1900-1905 are plotted in Figs. 16 through 21. 
The salient feature of these solutions is the %- to 30-m 
difference between early and late cruise solutions. The 
high values obtained shortly after midcourse maneuver 
tend to be in good agreement with the longitudes ob- 
tained before the maneuver, whereas the late cruise 
solutions tend to be close to those obtained during 
encounter. Runs up to Post 14 did not represent WWV - 
UT timing differences, whereas later runs used a poly- 
nomial representation of these differences. The timing 

Fig. 18. Geocentric longitude, DSS 41 

Fig. 19. Geocentric longitude, DSS 42 

error caused by making WWV - UT = 0 is about 10 ms 
on June 19, or 4 rn in lon~itude. The remaining differ- 
ences are probably due to earth ephemeris errors. 

8. Cruise solutions for mass of moon. Figure 22 sliows 
the lunar gravitational constant solctions based on the 
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Fig. 20. Geocentric longitude, DSS 61 

Fig. 21. Geocentric longitude, DSS 62 

Fig. 22. Gravitational mass of the moon from combined 
Ranger and Mariners II, IV, and V data 

4903 0 

combined Ranger missions. (Ref. 3), Mariner 11 (Ref. 4) 
and IV, (Ref. 51, and Mariner V in real time. The low 
Ranger result, CMB = 4902.6493 km3/s2, was obtained by 
measuring the effect of the lunar gravity field on the 
probe acceleration. The Mariner results, on the other 
hand, measure the barycentric motion of the tracking 
station over the long cruise interval; therefore, the 
results, in reality, are a determination of the earth- 
moon mass ratio, assuming a known value for the 

MARINER V 
MARINER W S  AFTER MIDCOURSE 1 

earth-moon distance from optical and radar observations. 
The Mariner I1 result of GMI = 4902.8442 km3/s2 is 
based on the Ranger earth gravitational constant, GM, :- 
398601.27 km3/s2, yielding a mass ratio p-I = 81.3000 
rO.OO1 l .  The Mariner IV value also uses the Ranger 
GMe to obta-n p-I = 81.30147 20.0016 from GlI: = 
4902.756 k0.1 km3/s2. The real-time Mariner 1' solutions 
shown in Fig. 22 display a sharp break bctween data 
spans incorporating a 2- and %month accumulation of 
data, respectively. The explanation of this i hen omen on 
is not known at this time but is probably related to 
ephemeris errors of the earth-moon barycenter. Over the 
cruise interval, three relatively uncorrelated parameters 
showed a marked decrease: solar radiation pressure, 
tracking station longitudes, and the moon-earth mass 
ratio p. Although correlations are low between these 
parameters, they are probably significant. If a repre- 
sentative value were to be given for the real-time cruise 
solutions for GMc it would have to bc bctneen the two 
extremes of 4902.86 km3/s2 and 4902.68 km3/s2. -4 realistic 
evaluation of the real-time results yields GXI-: = 4902.77 
k0.1  km3/s2. Since all Mariner V solutions assuinc a 
value GMe = 398601.33, the corresponding real-timc 
estimate of p-l is 81.30125 -~0.00166. 

The gravitational constant values given in Fig. 23 
reflect the result of an effort to wtimate physical con- 
stants. The values included GM*, by careful post- 
processing of the cruise data for the Mariner celestial 
mechanics experiment, conducted by the principal inves- 
tigator, J. D. Anderson of JPL. These results seem to 
indicate a value of GMa = 4902.81 k0.5 kmJ/s2 which 
yield a-1 = 81.30059 k0.00083. This value is remarkably 
close to the Mariner I 1  mass ratio, and is in good agree- 
ment with the Mariner IV value. In these runs, ranging 
data have been weighted more heavily than in the real 
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I 

Fig, 23. Gravitational mass of the moon from 
Mariner V post cruise analysis 

timr runs, and less late-cruise data is used than in the late 
re:11 time solutioas. 

C. Target Parameters from Cruise Solutions 

I .  Time of closest approach. Cruise orbit estimates of 
time of closest approach to Venus are shown in Fig. 24. 
As in Fig. 7, these are labeled by orbit number in order 

of increasing timc. It is scen that the solutions c1ustc.r 
around 17:35 LIT on October 19, 1967. Thc a c t d  
ibncountc.r time \\.as 17"34'"5-1:9:37 CT, dc~nonstrating that 
thc cruisc solutions were not affected by detectablr sys- 
tematic errors in the flight timc parilmatcr. 

2. B-plane target point. A standard mcasuremrnt of 
the trajwtory aiming point is the position of the incoming 
itsymptote in the B-pl;lne; i.e., in the plane normal to 
the asymptote and pssing through the center of the 
target planet. Figure 25 shows the predicted aiming 
points from cruise orbit determination in planet-centered 
B-plane components B - R  and B-T, where T is in the 
ecliptic plane and R is normal to '1. The solutions rppear 
to randomly cluster abou, B - R  = -14930 km and 
B * T  - 2&70 km. They are noticeably offset on the plot 
from the posteriori solution of B R = - 14761.9 1 km, 
B - T  = 24334.3 -tl km. This offset of about 100 km is 
probably attributable to earth-Venus ephemeris errors, 
station locations errors, and timing errors. 

7 NUMBERS SHOWN ARE 
0 ORBIT NUMBERS 

CRUISE 
21 TO E - 5  day! 
0 0 

22 
0 

31- 1 I I I 1 I I I I I 
40 50 60 70 80 90 I00 l I0 0 I0 20 30 I20 130 

TIME AFTER LAUNCH (6/14/67), days 

Fig. 24. Cruise orbit estimates of time of closest approach to Venus 
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0 17 

0 

- 
8 '0 I8 
0 0 16; 

6 9 
0 0 

g20 E-5 days 
0 CURRENT 

0 

Fig. 25. Ecliptic B-plane aiming point from 
cruise orbit determination 

IV. Real-Time Encounter Orbit Determination 
Results 

A. Real-Time Encounter Orbit Estimation Procedures 

1. Tracking data acquisition. During the period 
E - 12 h tc~ E + 3 h, where E is encounter, 11 orbits 
were rui .In two IBM 7044-7094 computer strings as 
tracking data were acquired in real time by the Deep 
Space Network (DSN). Figure 26 shaws the tracking 
data distribution from E - 5 days to E + 5 days. The 
real-time encounter orbits iitlized data from E - 3 days 
to E f 1 h, while the postencounter analyses made use 
of the full 10 days. 

2. Orbit estimation procedure. Orbits run on the prime 
computer string were labe!ed with a "10  prefix, while 
those run as backup support were given a 20 prefix. The 
prime runs estimated spacecraft trajectory, the astro- 
nomical unit, and station locations. The backup runs 
estimated various combinations of parameters, including 
Venus ephemeris elements. 

3. Real-time encounter aiming point estimates. The 
primary excursions noted in the real-time encounter 
orbits were in the directioi! normal to the B vector. 
Thus the solutions line up very nearly along a :ine normal 
to B in the R-T p h e  (see Fig. 27). The total variation 
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amounts to 900 km, or 1.8 deg meas~ired from p1anc.t 
center. This is in good agrecmc- ': with unccrtaintics 
predicted in Hef. 2. r h e  major error source sccms to 
be numerical instability in the station location astronom- 
ical wit ,  and Venus ephemeris solutions. The current best 
estimate based upon 10 days of encounter tracking data 
is also shown in Fig. 27. The systematic offset of the 
solutions from the current valuc is about 100 km, which 
is much smaller than the total scatter. Interestingly, this 
offset is in the cpposite direction from the cruise solu- 
tions. The current values of B -R = - 14761.9 km, 
B T = 2433.3 km are known to -+ 1 km. 

4. Solution for astronomical unit. The radar value of 
149597900 +100 km was adopted as an a priori starting 
value in the encounter runs. The solutions showed no 
tendency to significantly deviate from this valuc within 
the limitations of single precision; thrce possibilities 
therefore, are indicated: (1) the radar value is correct 
within 5100 km, (2) ephemeris errors in the range direc- 
tion are within t l O O  km, and (3) the strength of the 
single precision soiution is not great enough to detect 
errors on the order of 100 km. The latter possibility may 
be ruled out, as the ranging data are suificiently precise 
to establish the earth-Venus distance to better than -t10 
km even in single precision, although the program cannot 
effectively separate Venus ephemeris error in the range 
direction from error in the astronomical unit. The current 
best Mariner V astronomical unit solution yields 
149597904 +-44 km. 

A Target ephemeris error. Preencounter estimates of 
Venus ephemeris errors were ham~ered by low ntmerical 
stability and unfavorable partial derivatives. In particular, 
ephemeris errors are highly correlated with tracking 
station longitudes and the astronomical unit. Thus, these 
solutions were not accurate to the requisite of 4 0  km 
needed to define ephemeris errors. The planetary ephem- 
eris used successfully for the mission was the highly 
accurate JPL Development Ephemeris (DE) No. 24, 
~tilizing radar corrections to the older optical ephemeris. 
The current Mariner V encounter solution for corrections 
to the DE 24 position of Venus at 17n35m33!138 UT, 
October 19, is in earth equatorial coordinates, x = - 14.6 
c 0 . 8  km, y = -14.7 c14.8 km, z = -23.2 k44.3 km 
for the DE 24 AU of 149597877 km. The ability to detect 
such relatively small corrections to the astronomical unit 
and planetary ephemeris must be credited in large part 
to the planetary ranging system used with Mariner V. 

6. Encounter station location solutions. Figures 28 
through 37 show the itl~riner V encounter solutions for 
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1028 
0 IOXX ORBITS RUN ON PRIME 

COMPUTER STRING 

POXX ORBITS RUN AS 8ACKUP 
SUPPORT 

Fig. 27. Real-time Mariner Venus 67 
encounter B-plane estimates 

station locations reduced to the pole of 1903.0. Solutions 
for the distatnce off the earth's spin axis r, are plotted by 
station number with associated standard deviations in 
Figs. 2832, while station longitudes A are plotted with 
their standard deviations in Figs. 33-37. Assumed a priori 
standard deviations were the same as for cruise; 2, 
= 24 m, :A = 50 m. The r, solutions exhibit very little 
systematic trends ,xcept for orbit 1026. This orbit was 
run with an earlier data span which did not estimate the 
astronomical unit and did not include ranging data in 
the fit. Comparing the other solutions with Figs. 9 through 
12 and Fig. 14, it is seen &at the cruise and encounter 
spin-axis distance solutions are in good agreement. 

Although considerably noisier than the spin-axis esti- 
mates, the e..& A ~ n t e r  solutions for station longitude shown 

Figs. 27-31 are in good agreement with the cruise 
longitude solutions of Figs. 16-19 and Fig. 21. The high- 
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random noise is due to numcrical instability in the single 
precision orbit program. Note the trend tonard increasing 
longitude with increasing data in the real-time solutions, 
in cmtrast to the opposite trend in t h ~  cruise solutions. 
The lonpitudes deduced from tracking data from E-5 
day to E + 5 day (best zncounter solution) were reduced 
using !PL Devehpmen: Fyhemeris 40, which incorpo- 
rates Venus radar bounce data past Afariner encounter. 

7. Mass Of Venus. ' f i e  mass of Venus is the astrody- 
namical quantity most precisely determined bv Mariner V 
encounter tracking data. This is because (1) the Venus- 
centered hyperbolic encounter trajectory is curved nearly 
90 deg by the gravitational infiuence of the planet, and 
(2) this trajectory bending is very accurately measured 
by dopplcr tracking data. The Mariner 11 spacecraft, 
utilizing 1,-band doppler data and an ephemeris based 
on optical data only yielded a sun-Venus mass ratio of 
408505 ?6 (Ref. 4). This value was us,,, * a o p r i d  idor- 
rnation in the Mariner encounter solutions, but the 
a priori standard deviation was enlarged to 150 to avoid 
possible biasing of the solution towards the Mariner I 1  
result. The current Mariner V estimate of the sun-Venus 
mass ratio is 408522.66 2 3 .  This is based an doppler and 
ranging tracking data from E - 5 day to E + 5 day, assum- 
ing GMa = 13271251 X 10' km3/sZ and m astronomicd 
unit of 145957904 km, so that GMP- 32.1859.6 c 3  km3/s2. 

V. Tracking Data System 

Primary DSIF tracking data is two-way pkse-coherent 
doppler data. A functional block diagram of the standard 
DSIF doppler system is shown in Fig. 1. In the course of 
the Mariner V mission the DSIF recorded two-way data 
in the quantities given in Table 11. 

Table 11. DSIF tracking data 

DSS 
Two-way data points, as taken ot various 

sampling rates 
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Fig. 28. Encounter solutions for DSS 12 

Fig. 29. incounter solutions for DSS 14 
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F:g. 30. Encounter solutions for DSS 41 

Fig. 31. Encoucter solutions for DSS 42 

4esosol il I 
F,g. 32. Encounter solutions for DSS 62 
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Fig. 33. Geocentric longitude, DSS 12 

2 4 3 . 1 1 0 2 1 -  

Fig. 34. Geocentric longitude, DSS 14 

U 

136 8872 I- 
Fig. 35. Geocenhic longitude, DSS 41 

148.98101 oss 42J 

Fig. 36. Geocentric longitude, DS!: 42 

Fig. 37. Geocentric longitude, DSS 62 

During the mission, the doppler digital resolver be- 
came fully operational throughout most of the net 
(except DSS 51). This subsystem ~rovides a means of 
correcting the doppler count for the noninteger number 
of cycles behveen sampling times. It has demonstrated 
its effectiveness by reducing the high-frequency noise 
on the dopyler data by more than an order of magnitude. 

The Afariner V mission provided the first opportunity 
to employ the mark IA ranging system at ranges sub- 
stantially greater than the distance of the moon. Mark IA 
ranging data was taken front just after midcourse on 
June 19 until system threshhold was reached on July 6 
at a distance of 5,800,000 km. A total of 10,408 ranging 
points were taken. The mark IA ranging system was used 
to provide time correlations between DSIF statlons via 
both the Mariner V spacecrdt and the operational Lunar 
Orbitzr spacecraft. 

During this mission, the planetary ranging subsystem 
(PRS) became operative at DSS 14. PRS data was taken 
during the approsch phase to the planet and in close 
proximity to Venus on either side of the closest approach 
time. After encounter, PRS measurements were made 
to distances in excess of 110,000,000 km. 

Another innovation, introduced during Mariner V, was 
the use of the pseudoresidual program for real-time track- 
ing data monitoring. This is an IBM 7044 program which 
compares any of the various tracking data-types -.vith their 
corresponding computed values from the PRDX Program, 
the DSN predict program, and outputs observed-minus- 
predicted quantities and noise estimates. Although a 
number of program bugs invalidated much of the noise 
computation, the program proved itself a valuable aid in 
detecting and diagnosing DSIF hardware problems 
quickly. A modification of the program was used to 
provide real-time plots of the atmospheric effects for 
the occultation experiment. 
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APPENDIX A 
Definition of the miss parameter B 

The miss parameter P is used at JPL to measure miss a B. Let S, be a unit vector in the direction of the in- 
distances for lunar and interplanetary trajectories and is coming asymptote. The orientation of B in the plane 
described in Ref. 10. The desirable feature of B is its normal to S, is described in terms of two unit vtdors R 
being nearly a linear function of changes in injection and T, normal to S,. T is taken parallel to a fined refer- 
conditions. ence phne and R completes a right-handed orthogonal 

system. 
The osculating conic at closest approach to the target 

hody is used in defining B. The vector from the target's The Mariner V work has used the ecliptic plane as 
center of mass perpendicular to the incoming asymptote the reference plane. Figure A-1 illustrates the situation. 

Fig. A-1 . Isometric view of near-Venus tra~edoy 



I. Introduction 

The Mariner V Flight Path and its Determination 
from Tracking Data 

Part II. Nongravitational Forces 

R. D. Bourke, S. R. McReynolds, and K. L Thuleen 

Nongravitational forces on the Alariner V spacecraft 
were studied through their effects on attitude motion. 
The most significant forces were those due to solar radi- 
ation pr~ssure and attitude control system thrusters. 
Since radiation pressure is adequately represented and 
solved for in the orbit determination process, concen- 
tration was on the attitude co~trol-produced forces. The 
fundamental result is that these forces had a negligible 
effect on the trajectory; furthermore, the anornolous 
behavior of the spacecraft reflection coefficient cannot 
be attributed to control system thrusters. 

11. Attitude Control System 

Design of the hfariner V attitude control system is 
essentially the same as that of Mariner N described in 
Ref. 8. Essential components operating during the cruise 
phase (the majority of the mission) are shown in Fig. 38. 
The spacecraft is nominally oriented with the - I -  z axis 
along the sunline and the Canopus sensor (midway be- 
tween the +x and - y axes) in the sun-spacecraft- 
Canopus plane. Angular deviations from this orientation 
are detected by the sun sensors in pitch and yaw (see 
Fig. 38) and the Canopus sensor in roll. When the angular 
deviation in any of the axes reaches a certain level, the 

PITCH GAS -Z 

7 RGLL AND YAW 
+Y GAS JETS 

PRIMARY 
SUN SENSORS NN GATE 

PANEL 

SdN SHIELDS AND THERMAL 
SHIEU)S OMITTED Foil CLARITY 

Fig. 38. Mariner Venus 67 spocecmfi 

gas jets at the ends of the solar panels are momentarily 
actuated to drive the orientation back to nominal. 

Outputs of the three sensors are telametered to earth 
with other engineering data so that spacecraft orientation 
vs time may be reconstructed. A typical his to^ of space- 
craft motion is shown in Fig. 39 where pitch, yaw, and 
roll motion is plotted vs time on July %, 1987. Slope 
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Fig. 40. Pitch and yaw torque vs time 

discontinuities which occur at the edge of the dead band 
are due to thruster firings. 

111. Spacecraft Torques 

From analysis of the attitude data it is possible to 
deduce the torque history of the spacecraft by the 
method given in Hef. 7. This was done for the pitch and 
yaw axes for 25 days through the mission (roll was 
omitted because the data was more noisy than that in 
pitch and yaw, and the telemetry resolution more coarse). 
A plot of the total pitch and yaw torque vs time for 
several hours is shown in Fig. 40. Note that errm flags, 

-- 
SOLAR TORQUE, ye = 0 .40  7 B "I I 

calculated by a method described in Ref. 8, are plotted 
on top of thr :.orque levels to give an idea of the con- 
fidence in th :esults. Where the torque uncertainty was 
greater tlri.: 11 dyn-..m, thc ,plot has been omitted; an 
example of this is hctween 14 h 50 min and 15 h 20 min 
where the relatively zhr:ri : nents behveen thruster 
firings in yaw precIudc ,,.-. drate toque calculations 
(Fig. 40). 

It may be seen fram Fig. 40 that the torques on both 
axes are relatively constant over the length of a day. 
This is in marked contrast to Jlariner IV resuits as 
reported in Ref. 9, where substantial changes (on the 
order of 5 dyn-em) were found to take place from thruster 
firing to firing. These high-frequency torque variations 
on Mariner V are found to be on the order of 1 to 2 
dyn-cm; however, long term variations of several dyn-cm 
are apparent. These are illustrated in Fig. 41 in which 
pitch and yaw torque are averaged over one day and are 
plotted as single points for several representative days 
throughout the mission. 

IV. Spacecraft Forces 

f SOLAR TORQUF, ye = 0.36 1 To separate the translational forces due to solar pres- 
i sure from the forces due to the attitude control systems, 

SOLAR TORQUE, ye = 0.40 ! it is necessary to separate thc associated torques. Solar 

o - torques arise from a displacement of the spacecraft center 
o 8 o of mass from the solar center of pressure. The post- 

oOo&Poo maneuver spacecrafi center of mass is located at x = 
1.83 cm, y = 0.58 cm, and z = -30.9 cm; although these 
values are calculated, the performance of the autopilot 

MANEUVER during the midcourse maneuver indicated that they are 
-16 

quite accurate.' The solar center of pressure was assumed 
DAY 

'E. H. Kopf, Jr., Jet Propulsion Laboratory, Spacecraft Control Sec- 
Fig. 41. Daily torque averages for pitch and yaw tion, personal communication. 
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to be along the roll axis since the sun side of the space- 
craft is i ~ n o s t  reflectively symmetric (Fig. .%). The solar 
force acts nominally in the - z direction, and is described 
in Part I as 

where k is the solar radiation constant, A is the space- 
craft effective area, R is the sun-spacecraft distance, and 
yB is the overall reflection coefficient. Using these values, 
the solar torque in pitch and yaw has been plotted as 
a function of time as the smooth curves in Fig. 41, Two 
values of yB are used corresponding to the extremes in 
this quantity obtained in the SPODP solutions. 

It is evident from Fig. 41 that the total spacecraft 
torque is not due simply to solar pressure. The difference 
between the solar torque curves and the daily averaged 
torques is thought to be caused by thruster leakage. 
Indeed, test? pe-brmed recently on thruster leaks indi- 
cate that torques of this magnitude are consistent with 
valve leak specifications (Ref. 10). Accordingly, the 
difference between the curves and points in Fig. 42 is 
interpreted as due to leakage of one or more thrusters. 
If the leakage in the four thrusters controlling pitch is 
random, then the variance cf the force they produce 
equals the variance in the torque they produce divided 
by the center of mass to thruster distance 1. Hence, the 
translational forces can be inferred statistically by exam- 
ining the quantity 

where Mi is the leakage torque, in either pitch or ya-v, 
and 1 equal 248 cm. Figs. 42 and 43 show this ratio as 
a function of time. 

V. Conclusions 

The forces produced by the attitude contml system 
are on the order of 062 dyne corresponding to leaks of 
about 1 std cms/h. These are 0.3 to 0.5% of the solar 
force and, therefore, approximately the same as its 

- 
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Fig. 42. Pitch torque/ 1 vs time 

0 

MIDCOURSE MANEUVER 
-0.03 I 

160 1eO 200 240 260 280 300 

" DAY 

Fig. 43. Yaw torque/l vs time 

uncertainty, Furthermore, the variation in ys between 
0.40 and 0.36 over the life of the mission corresponds to 
a 3% variation in solar force, or about 0.15 dyne. Hence, 
the changes in the spacecraft force, which are interpreted 
by SPODP to be a variation in ye, cannot be caused by 
the attitude control system. The basic conclusion is that 
attitude control system forces had a uegligible effect on the 
Mariner V trajectory in comparison to other unknowns. 
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I. hunch Phase 

The Mariner V Flight Path and its Determination 
from Tracking Data 

Part Ill. Mission Trajectory 
J. A. Borras 

The Mariner V spacecraft was launched from Launch 
Complex 13 at the Air Force Eastern Test Range 
(AFETR), Cape Kennedy, Florida, on Wednesday, June 
14, 1967. The launch vehicle consisted of an A t h  D/ 
A g e ~  D combination. Liftaff occurred at 06h01'D00?176 
GMT, with en inertial launch azimuth of 101.1 deg east 
of north. After liftoff, the booster rolled to an azimuth 
of 102.3 deg and performed a programmed pitch maneu- 
ver uotil booster cutoff. During the sustaher and vernier 
stages, adjustments in vehicle attitude an3 engine cutoff 
times were commanded, as required, to adjust the altitude 
and velocity at the Atlas vernier cutoff. Vernier engine 
cutoff occurred as anticipated at 317.75 s into the mission. 
Following A t h  cutoff the shroud protecting the space- 
craft during the ascent through the atmosphere was 
jettisoned and the Atlas booster separated from the 
Agena stag. The Agena engine was then burned for 
142.5 s, injecting itself and the spacecraft into a near 
circular parking orbit at 06Wm45?360 GMT at an altitude 
of 185.04 km (see Figs. 44 and 45). 

After a parking orbit coast time of 13 28 min, deter- 
mined by the ground guidance computer and transmitted 
to the Agena during the A t h  vernier stage, a second 
ignition of the Agena engines occurred. The bum dura- 
tion was 94.40 s after which the Agena and the space- 
craft were traveling in a geocentric escape hyperbola 
at 11.40 km/s. The Agena and spacecreft then separated 
after which the Agenu performed a maneuver to place 
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Fig. 44. Sun-cart'- line plot, Mariner V, from June 1967 
to January 1969 



Fig. 45. Ascent trajectory profile 

Tabla 12. Geocentric charucteristics of Mariner V trajectory 

Parameter 

Radius R, km 

Inertial speed V,  kmfs 

Earth-fixed speed v, km/s 

Geocentric latitude 6, dog 

Longitude 6, dog 

Right ascension 8, dog 

Poth angie of inertial velocity r, dog 

Azimuth of inertial velocity 2, dog 

Path angle ot Earth-fixed velocity .y, dog 

Azimuth of Earth-tixed velocity u dog 

Time of event T, GMT 

Hyberbolic orbital element 

Semimaior axis a, km 

Eccentricity l 

Inclination to Earth's equator i, dog 

Longitude of auerjing node Q. dog 

Argument of perigee o, dog 

Perigee distance p, km 

Time of perigee perrage T,  GMT 

6569.6304 

1 l.4OOl28 

10.989368 

- 4.6930562 
351.53082 

349.55227 

1.8980037 

1 19.97742 

1.9689745 

121.22208 

06:24:37.1r)O 
(June 14, 1967) 

-46,261 .SO1 

1.141 8646 

30.308785 

161 .4792l 

18577009 

6562.871 3 

06a24rOI 322 
[June 14,1961) 

1,581.61 4.7 

2.9906291 

112.96141 

-11.661170 

245.892S9 

140.461 05 

89.329033 

61.817187 

1.51 69653 

270.00839 

23:08:20.650 
(June 19,1967) 

- -47228.659 
1.0783954 

30.31 591 8 

161.1 2906 

179.05761 

3702.5079 

06:14:55.037 
(June 14, 1967) 
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it in a separate ovbit From that of the spacecraft so as 
to reduce the probabil'iy of the Ageria impacting Venus 
and, hence, contaminating its surface. 

II. Premuneuver Phase 

Injection (second Agena cutoff) occurred at 
06h24'"35"509 CMT over the Atlantic Ocean at a geo- 
centric latitude of -4.67 deg and longitude of -351.54 
deg. At that time, the Agena/spacecnft ccmbination 
was at an altitude of 194.65 km and traveling at an 
inertial speed of 11.40 km/s. The geocentric character- 
istics of the Alariaer V trajectory are listed in Table 12. 

The spacecraft/Agena combination was in earth's 
shadow from launch to 19.87 min after launch. Apenu/ 
spacecraft separation occurred 161.3 s after transf xbit 
injection. \Vithin an hour after injection, the sp: craft 
was receding from the earth in an almost radial direction, 
with decrwsi~~p speed. This reduced the geocentric 

angular riite of the spacecruft. in inertial coor.iin;ltt~s. 
until the angular rate of the earth's rotation exccedcd 
that of the spacwraft. This phenomenon is i!lustr.lted 
(Fig. 46) on a map showing the e,.rth track of the space- 
craft reversing its direction from increasing to decreasing 
longitude. Also shown is the trackhg station ~ o v ~ r a g t ~  
and location of the various boost vehicle and spacecraft 
events. 

Due to the low sensitivities of the transfer orbits of 
both the spacecraft and the Agct~a to changes in tht. 
injection (the ,econd Apenu cutoff) conditions, it was 
necessary to bias the targeted aiming point away from 
the target Venus. This was done to ensure a probability 
of less than 3 X 10-bf the Apcna or spacecraft impacting 
and contaminating Venus. After gevenl days of ccntin- 
uous tracking, it was estimated that, without a midcaurse 
correction, :he spacecraft w s  on a nominal biased tm- 
j e ~ ~ o r y  that would pass the leading cdge of Venus at a 

I EVENT 1 
- 

I. LAUNCH 
2. BOOSTER ENGINE CbIOFF 

AND JETTISON 
3. SUSTAINER CUTOFF 
4. VERNIER CUTOFF 
5. SHROUD EJECTION 
6. AGENA SEPARATION 
7.  AGENA FIRST BURN IGNI I ION 
8. PARKING ORBIT INJECTION 
9. AGENA SECOND BURN IGNITION 
10. AGFNA SECOND CUTOFF 

(= INJECTION 1 
II.  SPACECRAFT SEPARATION 
12. SPACECRAFT SOLAR ACQUISITION 
13. SPACECRAFT CANGPUS 

ACQUISITION I 

Fig. 46. Sequence of events to Canopus ccqoisition 
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closest approach altitude of 69,W km. Closest approach 
would have occurred at 03hS2m4S! 155 (GMT) on October 
13, 1967. 

The trajectory was altered by the midcourse maneuver 
so that the spacecraft would-pass approximately 10.200 
km from the center of Venus (4000 km from the surface), 
at closest approach. In addition to altering the miss dis- 
tance at Venus. this correction changed the arrival time 
to 1P35m00. GMT, Octoher 19, 1987, and thus allowed 
the spacecraft's CC&S to activate various subsystems at 
the comct times near encounter and for closest approach 
to occur over the prime tracking station. Goldstone, 
California. The midcourse motor was ignited at 23:08:08 
GMT, June 19, l W ,  at which time the spacecraft was at 
a geocentric range of 1,581,510.3 Ian and traveling at an 
inertial speed of 2.991W km/s relative to earth. 

Folldwing the midcourse man< lver, the spacecraft 
reacquired the sun aad Canopus and returned to the 
cruise mode. At this time, the spacecraft was moving 
primarily under the gravitational infiuence of the sun 
in an ellipse with the sun at the focus. During the early 
portion of the cnlise phase, the spacecraft's heliocentric 
velocity was less than that of the eaLh's; this caused the 
spacecraft to trail the earth for several days around 
the sun. This phenomenon k illustrated in Fig. 47 which 
contains a heliocentric plan view of the trajectory of 
hfan'ner V holding a fixed sun-earth line. However, 
Mariner V began moving closer to the sun thus picking 

up speed, catching up to the earth, and eventually 
passing it. 

Earth-probe distance curves, celestial latitude, celestial 
longitude, heliocentric distance, Venus/probe distance. 
and cone and clock angle of earth as functions of time 
from launch to end of 1987 are shown in Figs. 4853. 
The heliocentric characteristics of the Marfner V trajrtc- 
tory are shown in Table 13. 

table 13. Helioc.n(ric orbit01 drm.ntr 
d Mariner V tro/sctory 

During the interplanetary phase of tbe Blght.'seved 
orbital computations were made covering the period 
from June 19, 1Q67 when the midcourse maneuver was 
performed, to October 19. 1987 when encounter with 
Venus occurred. These computations stabilized very 
early in the flight of Marfner V and the pFedicted near- 
Venus orbit did not cbange by any considerable amounts. 

Hg. 48. Spacud dlrtonu from oath, bunch through 1971 



Fig. 49. S p o c e d  cel8s~al lotihrde, launch through 1971 

?ig. 50. Spacecmft wlestial lengihrdm, launch through 1971 



Fig. 51. Spacecraft distance from sun, launch through 1971 



1967 1 I lsdD I I970 I 1971 
DATE 

fig. 59. Clock and cone angles of earth, launch through 1971 

The Aphrodiocentric characteristics of the Mariner V 
trajectory as predicted during the interp!anetary portion 
of the flight are lbted in Table l.1. 

IV. Bncountw Phaw 
Marlnsr V approached Venus along the leading edge 

and from outside the planet's orbit, At about 3.3 min 
before cbq* approach, the radio signal was lost as the 
spacecraft occulted Venus. While the spacecraft was 
behmd the planet, the antenna position was switched - aotomatically from its original position by a sensor which 

i triggered the mechanism when it saw the planet terminator 

I approximately half-way &mug!! )he occultation. The new 

Table 14. Aphrodiocontric orbital elemants 
of Marlner V kaiwtory 

I 
A d d  vonw 

~ r ) Y  



nntenni: pc~sition co~npi~nsntetl h r  thc~ tri~jcetory Iwntling 
I t c w  the* l ) l i t i ~ ~ t ;  this \~ould h ; \ ~  d i ~ p l i l ~ t l  t l ~ c .  erttc.nna 
lmm from its idtail1 position during cmisrgc~~cv from 
occnltotiou, thus ctlhanring the chances of iI rnpicl rc- 
ucquisition of uhr signal as it passcd through the atmos- 
phere of Vcnw coming out of occultution. 

Tracking data gathcrcd and analyzed during the rn- 
counter scqucncc indicated that the Vcnus encountrr 
trajectory predicted during thr cruisr portion of thc 
flight did not differ significantly from the ohscrved CII- 

counter trajectory. The Aphrdioccntric churacteristics 
of the hfodner V trajectory dctcnnined from encounter 
data are given in Table 14. A plot of the encounter 
velocities and altitude is shown in Fig. 54, which describes 
the closest approach epoch of October 19, 1967, at 
17h~4"'S!Y 8. 

_ -- 
OCT IS. 1967 

TIME. GUT 

Fig. 54, Encounter veiodties and oitltude 

V. Postencountor Phase 

The planet's gra\*itaiional pull altcred the spacecraft's 
heliocentric orbit, as it lcft the vicinity of Venus. to the 
&tent of changing the perihelion distance from 
107,112,250 km to 86,g64,251 km. The change in other 
elements of the trajectory arc shown in Table 2. 

hfariner V returned for il close pass at earth on October 
f 

27,1968, whcn it was within 38,995,000 km. It will return 
to the vicinity of earth approrinlatcly every 14 months. 

The next time hiii:!nar V will be near Venus will be 
at the end of October 1875. The closest approach distance 

to Vxus will he 4,~300,000 km. The hcliocrntric character- 
istics of the hlariner V postencountcr trajectory are 
shown in Table 13. The trajectories of Mariner V and 
Mariner IV are illustrited in a heliocentric plan view 
of the c-cliptic in Fin. 55. The cone angle and clock 
angle of earth during the near-Venus portion of the 
trajectorv are shown ia Figs. 58 and 57, respectively. 
Plots of the postencounter celestial latitude, celestial 
longitude, heliocentric distence, earth-probe distance, 
Venus-prohe distance. cone angle of Canopus, cone angle 
of earth, and clock angle of Earth are presented in 
Figs. 58-65, 



Fig. I S .  Hdlocentrlc plan view of Mariner IV and Mariner V 



Fig. 56. Mariner V earfh cone angle, deg 

OCT NOV MC JAN FE6 MAR APf4 MAY JUN JU IWC 
1967 -L-- - ------ - ,868 

MTE 

Fig. 57. Mariwr V earth t l ~ c k  angle, dog 
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Fiy. 60. Spacecraft distance from sun, 1968 through 1970 

Fig. 61. Spacecraft distance from earth, 1968 through 1970 
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1968 i 1969 I 
DATE 

Fig. 62. Spacecraft distance from Venus, 1968 through ; 470 

--ENCOUNTER 

DATE 

Fig. 63. Cone angle of Canopur, launch through 1971 
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Fig. 64. Cone angle 06 earth, 1968 through 1970 

1968 1969 
I 
I 

DATE 

Fig. 65. Clock angle of adrth, 1968 through 1970 



The Marher V Flight Path and its Determination 
from Tracking Data 

Part IV. Midcourse Maneuver Program 
R. 1. Mitchell 

The computer program used in real-time operations 
to determine the manpuves parameters, known as the 
Midcourse X!aneuuer Operations Program (MXIOP), con- 
sists of five independent operational blocks. P functional 
block diagram cf the program. indicating a typical logic 
flow for standard operations is shown in Fig. 88. Control 
from link to link is manual, and in each case, after 
completion of the last requested link, control is returned 
to the :ztroductory Printout. The Bve operational blocks 
of the hlMG? are: 

Introductory Printout (INTRO). The INTRO link 
accepts input from cards and disk, performs pre- 
liminary calculations, arid provides the printout 
for all input. The control of all other links is 
' mdled through INTRO. 

Midcourse Decision Program (DECPR). The pur- 
pose of the DECPR is to compute the maneuver 
parameters (velocity increment, pitch turn, roll 
turn) and test for violation of three constraints; 
i.e., propulsion, time 0.L flight, and lowgain antenna. 
The propulsion and the time of flight constraints 
are hard constraints. If it b tiot poadble to reach 
the B R, B *T location requested without violat- 
ing one of these constraints, D'XPR will print a 
message to that effect and return to INTRO. If it 
is possible to satisfy the propulsion and time of 

flight constmints for a diffcrrnt B R and B * T  
than that requestc.d, DECPR will ~ x i t  through thv 
residua: miss subprogram and compute the mini- 
m u 3  asswiated miss. Whcn the low-gain antenna 
consttlint is violated, a message to this effect will 
be printed, and DECPR will attempt to find an 
acceptable mdified maneuver. If none exists, this 
constraint may be violated at the expense cf sornc 
telemetry data during the mnneuver. 

(3) Command Generation Program (COMGN). The 
purpose of COMGN is toconvert the maneuver 
parameters into three commands expressed in 
binary form and adjusted to a form wvhch is usable 
by the CC&S. The propulsion subprogram (PRPJS) 
is used to compute the bum time. Additional 
quantities of interest during the execution of the 
maneuver are computed in COMCN. 

(4) Plotting Program (PLO'IZ). The PLOT2 shows the 
expectei dispersion ellipse at encounter due to 
maneuver execution and orbit estimation errors, 
and also plots angular information of interest dur- 
ing the maneuver turns. 

(5) Capability Ellipse Generator (CAPEL). T'le 
CAPEL will genernte the maximum capability 
ellipse in the R-T p!aire assuming the max!murn 
maneuver is applied in the critical plane. 



Fig. 66. Funcfronal block dagmm 
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